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Diversity patterns of native and exotic fish species suggest 
homogenization processes, but partly fail to highlight 
extinction threats










































ers	 have	 suffered	 from	 biological	 homogenization.	 Some	 rare	 native	 species	 can	
show	low	contribution	to	beta	diversity,	but	still	need	conservation	actions	due	to	
their	risk	of	local	extinction.








to	 understand	 biodiversity	 trends	 in	 space	 and	 time	 (Richardson	&	
Whittaker,	2010).	A	common	approach	 to	detect	 these	biodiversity	
trends	 is	 to	measure	 variations	 in	 taxonomical	 diversity	 (Chiarucci,	















for	 a	 region	and	have	been	used	 to	 investigate	 species	distribution	
shifts	in	fish	communities	(Kuczynski,	Legendre,	&	Grenouillet,	2017)	





onomical	 biodiversity,	 the	main	 shortcoming	 of	 these	measures	 is	
that	all	species	are	typically	considered	equally,	without	taking	into	
account	 evolutionary	 or	 ecological	 differences	 between	 species	
(Chiarucci	et	al.,	2011).	For	example,	taking	into	account	the	native	
or	exotic	status	of	a	species	has	important	implications	in	terms	of	
management	 and	 conservation,	 also	 considering	 that	 the	 invasion	
sensitivity	of	the	community	could	be	related	to	diversity	measures	
such	as	 species	 richness	 (Hooper	et	 al.,	 2005).	 Invasions	of	 exotic	
species	can	often	cause	a	native	species’	decline	through	predation,	
hybridization,	 competition	 and	 indirect	 effects	 (Blackburn	 et	 al.,	
2014;	Simberloff	et	al.,	2013).
Freshwaters	 are	 particularly	 susceptible	 to	 exotic	 species	 in-
vasions,	and	 in	such	ecosystems,	exotic	 species	are	considered	one	
of	 the	main	 causes	 of	 biodiversity	 loss	 (Dudgeon	 et	 al.,	 2006).	 For	
instance,	 in	 fish	 communities,	 exotic	 species	 constitute	 one	 of	 the	
major	drivers	of	extinction	in	the	Mediterranean	region	(Crivelli,	1995)	
and	 can	 cause	 taxonomic	 homogenization	 (i.e.,	 taxonomic	 similar-
ity	 across	 communities),	 particularly	 in	 the	 Nearctic	 and	 Palearctic	
regions	 (Villéger,	 Blanchet,	 Beauchard,	 Oberdorff,	 &	 Brosse,	 2011,	
2015).	 There	 is	 also	 evidence	 that	 only	 few	 introduced	 exotic	 spe-
cies	(e.g.,	common	carp,	Cyprinus carpio L.)	drive	this	trend	(Toussaint,	
Beauchard,	 Oberdorff,	 Brosse,	 &	 Villéger,	 2016).	 There	 are	 many	
studies	focusing	on	the	effects	of	exotic	species	on	native	ones	(e.g.,	
Milardi	et	al.,	2018);	however,	large‐scale	diversity	patterns	in	native	























Our	 results	can	help	 to	understand	spatial	 clines	 in	native	and	
exotic	 species	diversity	and	how	these	clines	 respond	to	different	
water	 physico‐chemical	 variables.	 Such	 information	would	 in	 turn	




The	 study	 area	 is	 located	 in	Northern	 Italy	 and	 includes	 the	 larg-
est	 river	 basin	 in	 Italy,	 the	 Po	 River	 basin	 (71,000	km2).	 The	 area	
hosts	more	 than	 17	million	 of	 inhabitants	 and	 is	 impacted	 by	 ag-
ricultural	 activities	 and	 livestock	 farming.	 The	 study	 region	 has	 a	
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Laini,	 Bartoli,	 &	Viaroli,	 2011).	 To	 support	 agricultural	 activities,	 a	
complex	network	of	drainage	canals	has	been	established	in	the	low-
lands.	This	system	is	completely	human‐regulated	with	hydrological	
management	 directed	 to	 drainage	 or	 irrigation	 supply	 (Castaldelli,	
Pluchinotta	 et	 al.,	 2013;	 Milardi,	 Chapman,	 Lanzoni,	 Long,	 &	
Castaldelli,	2017).	Overall,	a	total	of	337	sampling	sites	in	105	wa-
tercourses	were	sampled	between	1999	and	2010	and	 included	 in	




















F I G U R E  1  Map	of	sampling	sites	in	the	Northern	Italy,	altitudinal	gradient	and	Local	Contribution	to	Beta	Diversity	for	upland	(dark	grey	
circles)	and	lowland	sites	(light	grey	circles)	calculated	for	the	total	fish	community.	Po	River	basin,	Brenta	River	basin	and	Romagna	rivers	
basin	are	shown
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Fish	 species	were	 classified	 according	 to	Kottelat	 and	 Freyhof	
(2007),	 taking	 into	 account	 recent	 taxonomic	 determinations	 and	






dance,	1–2	 individuals	per	site)	 to	5	 (higher	abundance,	more	than	
50	individuals	per	site).	Hybrid	specimens	or	uncertain	species	were	
excluded	from	this	study	in	order	to	avoid	taxonomic	asymmetries.
Typically,	 in	 European	 rivers,	 fish	 communities	 change	 from	









Water	 physico‐chemical	 sampling	 was	 performed	 with	 stan-
dard	 methods	 in	 proximity	 to	 the	 fish	 sampling	 sites	 by	 Regional	
Environmental	Protection	Agency	(ARPA)	for	Po	River,	Brenta	River	
and	 Emilia‐Romagna	 rivers	 and	 by	Oglio	 River	Water	Authority	 for	
the	Oglio	River.	Eight	water	physico‐chemical	variables	were	included	
as	 follows:	 water	 temperature	 (°C),	 electrical	 conductivity	 (μS/cm),	
chemical	 oxygen	 demand	 (COD	 [O2	mg	L
−1]),	 biological	 oxygen	 de-
mand	 (BOD5 [O2	mg	L
−1]),	 total	 suspended	 solids	 (mg/L),	 total	 phos-
phorus	(P	mg	L−1),	ammonia	(N	mg	L−1)	and	nitrate	nitrogen	(N	mg	L−1).
2.3 | Stream order analysis
The	 stream	 order	 of	 each	 sampling	 site	 was	 calculated	 from	
Digital	 Elevation	 Model	 (DEM)	 data	 (ISPRA,	 Italian	 Institute	 for	
























class,	17	were	 included	 in	 stream	order	class	2,	53	 in	 stream	order	
class	3,	94	in	the	stream	order	class	4	and	40	in	the	drainage	canals.
2.4 | Statistical analysis




2.4.1 | Species richness and local contribution to 





This	method	 calculates	 the	Total	Beta	Diversity	 (BDTotal)	 from	 the	
total	variance	of	a	site	by	species	community	table.	The	LCBD	was	
derived	by	partitioning	the	BDTotal	 into	the	local	contributions,	and	











2.4.2 | Relative influence of main water physico‐







incorporates	 interactions	 between	 variables.	 This	 approach	 dif-
fers	from	traditional	regression	methods	as	BRT	analysis	combines	










2.4.3 | Variation in exotic and native community 
dispersion among and within stream orders
In	order	to	investigate	the	degree	to	which	there	is	community	struc-
tural	 variation	within	 a	 stream	order	 class,	 a	 test	 of	 homogeneity	
of	 dispersion	 (PERMDISP)	 was	 used	 (Anderson,	 2006;	 Anderson,	
Ellingsen,	&	McArdle,	2006)	with	a	function	betadisper	in	the	“vegan”	
R	package	(Oksanen	et	al.,	2017).	Through	the	average	dissimilarity	






abundance	 data	 and	 Sørensen	 dissimilarity	 on	 presence/absence	
data.	Moreover,	we	also	investigated	the	degree	of	water	physico‐
chemical	 dispersion	 within	 stream	 order	 classes	 using	 Euclidian	





the	 distance	 to	 centroid	 of	 water	 physico‐chemical	 variables	 (i.e.,	
water	 physico‐chemical	 heterogeneity)	 across	 sites	 (Heino	 et	 al.,	
2013).
2.4.4 | Differences in species contribution to beta 
diversity between native and exotic species and the 
relationship with species occupancy
We	 calculated	 the	 Species	 Contribution	 to	 Beta	Diversity	 (SCBD)	
that	shows	the	degree	of	variation	of	a	species	across	 the	consid-
ered	area	 (Legendre	&	De	Cáceres,	2013).	 It	can	be	considered	as	
a	measure	 of	 the	 relative	 importance	 of	 each	 species	 in	 affecting	
beta	diversity	(Heino	&	Grönroos,	2017).	Linear	regression	was	used	
to	 investigate	 the	 relationship	 between	 the	 SCBD	 values	 and	 the	







native	 and	 22	 exotic	 species.	 In	 the	 upland	 sites,	 fish	 community	
was	composed	of	24	native	species	and	11	exotic	species,	whereas	




are	 reported	 in	Supporting	 information	Appendix	S1:	Appendix	A.	
Variation	 of	 water	 physico‐chemical	 variables	 along	 stream	 order	
classes	are	shown	in	Supporting	information	Appendix	S1:	Appendix	
B.	 In	 summary,	 lowland	 sites	 showed	 the	 highest	 anthropogenic	
pollution,	with	the	highest	values	of	ammonia	and	nitrate	nitrogen,	
chemical	oxygen	demand	(COD),	biological	oxygen	demand	(BOD5)	




3.1 | Species richness and local contribution to beta 
diversity in exotic and native fish species
Exotic	 fish	 species	 richness	was	 higher	 in	 lowland	 sites	 than	 upland	










Considering	all	 fish	species,	BDtotal	 for	 lowland	and	upland	sites	
were	0.631	and	0.607,	respectively.	The	distribution	of	LCBD	values	
considering	 all	 species	 is	 shown	 in	 Figure	 1.	 The	 highest	 values	 of	
LCBD	in	the	lowland	sites	occurred	in	the	Po	River	Delta	and	in	South‐
East	area	of	Emilia‐Romagna	region.	 In	upland	sites,	LCBDs	showed	











3.2 | Relative influence of main water physico‐
chemical variables on the local contribution to 
beta diversity
According	to	BRT	analysis,	the	total	suspended	solids	and	the	total	
phosphorus	 were	 retained	 as	 the	 most	 important	 factor	 affecting	












3.3 | Variation in exotic and native community 
dispersion among and within stream orders
According	 to	 PERMDISP	 analyses,	 within	 stream	 order	 disper-




p	<	0.014).	 Based	 on	 the	 pairwise	 comparisons,	 within	 stream	
order	dispersion	differed	significantly	 in	 larger	rivers	regardless	




p	>	0.05).	According	 to	 linear	 regression	analysis,	within	stream	
water	 physico‐chemical	 heterogeneity	 had	 no	 significant	 rela-
tionship	with	community	dispersion	either	for	native	and	exotic	
species	in	the	uplands	(R2	=	0.004,	p > 0.05; R2	=	0.014,	p	>	0.05,	
respectively)	 or	 for	 exotic	 ones	 in	 the	 lowlands	 (R2	=	0.0001,	
p	>	0.05).	However,	a	weak	but	significant	relationship	was	found	
for	native	species	in	the	lowlands	(R2	=	0.024,	p	<	0.05).
F I G U R E  2  Boxplots	representing	the	values	of	exotic	(orange)	and	native	(green)	fish	species	richness	in	the	lowlands	(a)	and	uplands	(b)	
along	stream	order	classes
F I G U R E  3  Boxplots	representing	Local	Contribution	to	Beta	Diversity	(LCBD)	values	for	exotic	(orange)	and	native	(green)	fish	species	
along	stream	order	classes	in	the	lowlands	(a)	and	uplands	(b)
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3.4 | Differences in species contribution to beta 
diversity between native and exotic species and the 
relationship with species occupancy
SCBD	 showed	 a	 linear	 positive	 relationship	 with	 the	 number	 of	
sites	occupied	for	each	species	(Figure	6,	both	for	exotic	(R2	=	0.91,	
p	<	0.001)	 and	 native	 species	 (R2	=	0.90,	 p	<	0.001)	 in	 the	 lowland	
sites	(Figure	6a)	and	in	the	upland	sites	(Figure	6b;	R2	=	0.74,	p < 0.001 
for	native	species;	R2	=	0.31,	p	<	0.001	for	exotic	species).	SCBD	val-
ues	and	species	occupancy	for	each	species	are	given	in	Supporting	









diversity	 loss.	 This	 study	 investigated	 diversity	 patterns	 and	 their	
drivers	among	exotic	and	native	stream	fish	species.
4.1 | Species richness and local contribution to beta 
diversity in exotic and native fish species
An	 increase	 of	 species	 richness	 from	 headwaters	 to	 lowland	
rivers	 was	 previously	 found	 not	 only	 in	 fish	 (Beecher,	 Dott,	 &	
Fernau,	 1988;	 Chea,	 Lek,	 Ngor,	 &	 Grenouillet,	 2017)	 but	 also	
in	 other	 taxa	 such	 as	 macroinvertebrates	 and	 diatoms	 (Finn,	
Bonada,	 Múrria,	 &	 Hughes,	 2011;	 Stenger‐Kovács,	 Tóth,	 Tóth,	
Hajnal,	&	Padisák,	2014)	suggesting	a	general	diversity	pattern.	
Different	mechanisms	have	been	proposed	to	drive	this	pattern,	






native	 species	 richness	 decreased	 in	 large	 rivers	 and	 drainage	
F I G U R E  4  Boosted	Regression	Tree	summary	showing	the	relative	influence	of	water	physico‐chemical	variables	on	Local	Contribution	
to	Beta	Diversity	(LCBD)	values	for	lowland	(a)	and	upland	(b)	sites.	The	curves	of	fitted	function	for	the	most	important	variables	are	also	
shown	in	the	panels	on	the	right.	COD:	chemical	oxygen	demand
990  |     GAVIOLI et AL.
canals	network.	Anthropogenic	disturbance	(e.g.,	pollution,	river	
modifications	and	 flow	 regulation)	 could	partly	explain	 low	na-
tive	species	richness	in	lowland	rivers,	and	particularly	in	the	ar-
tificial	drainage	network,	but	also	past	exotic	species	 invasions	











successful	 exotic	 invaders	 (e.g.,	 Silurus glanis and Cyprinus carpio)	
were	 amplified	 due	 to	 the	 lower	 habitat	 complexity	 (Castaldelli,	
Pluchinotta	et	al.,	2013).
Conversely	 to	 richness	 patterns,	 LCBD	 did	 not	 show	 clear	
differences	 among	 stream	 order	 classes	 in	 the	 lowland	 sites	
for	 either	 native	 or	 exotic	 species,	 suggesting	 that	 fish	 com-
munities	 in	 different	 stream	 orders	 had	 typically	 similar	 de-
gree	 of	 uniqueness.	 This	 result	 indicated	 a	 similar	 community	
composition	 across	 sites	 in	 the	 lowlands,	 probably	 driven	 by	
the	most	widespread	 exotic	 species	 such	 as	 the	 common	 carp	
or	the	crucian	carp	(Carassius	spp.).	These	two	species	can	also	
promote	homogenization	in	communities	especially	in	Palearctic	
regions	 (Toussaint	 et	 al.,	 2016;	 Villéger,	 Blanchet,	 Beauchard,	
Oberdorff,	 &	 Brosse,	 2011).	 Upland	 sites	 (high	 stream	 order	
class)	contributed	strongly	to	beta	diversity	of	exotic	and	native	









Paller,	1994),	but	 that	 large	rivers	 in	 the	uplands	can	also	con-
tribute	to	regional	diversity	by	harbouring	unique	native	species	
communities.
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4.2 | Relative influence of main water physico‐




otic	 and	 native	 species.	 The	 large	 importance	 of	 total	 suspended	
solids	 in	 explaining	 LCBD	 (with	 negative	 relationship)	 reflects	 not	
only	 anthropogenic	 effects	 but	 also	 the	 effects	 of	 exotic	 ecosys-






for	example	a	 loss	of	 clear	water	 species	with	 the	water	 turbidity	
rise.
In	 upland	 sites,	 LCBD	was	mainly	 driven	 by	 total	 phosphorus,	




ness	 of	 eutrophication‐tolerant	 species	 increased	 towards	 higher	
nutrient	loads	(Olin	et	al.,	2002).






were	 not	 available,	 and	 the	 investigation	 of	 their	 role	 in	 affecting	





4.3 | Variation in exotic and native community 








macroinvertebrate	 communities	 and	 by	 Jyrkänkallio‐Mikkola	 et	




the	 community	 level	 due	 to	 the	 species‐specific	 responses	 and	
(c)	 the	 lack	 of	 important	 habitat	 descriptors	 such	 as	 river	mor-
phology	 (Heino	 et	 al.,	 2013).	 Although	 only	 the	water	 physico‐
chemical	 descriptors	 were	 considered	 in	 this	 study,	 we	 expect	
that	 water	 physico‐chemical	 patterns	 might	 reflect	 also	 other,	
more	general,	stream	alterations	due	for	example	to	agriculture	or	
farm	animals	(Allan	&	Castillo,	2007).	Thus,	we	conclude	that	the	
degree	 of	 community	 dispersions	 does	 not	 strongly	 depend	 on	
the	level	of	water	physico‐chemical	heterogeneity	within	stream	
order	classes.	The	only	exception	was	native	species	communities	
in	 the	 lowlands,	 which	 showed	 a	 weak	 relationship	 with	 water	




4.4 | Differences in species contribution to beta 
diversity between native and exotic species and the 
relationship with species occupancy





previously	 suggested	 by	 other	 studies	 in	 the	 same	 area	 (Lanzoni,	
Milardi,	Aschonitis,	Fano,	&	Castaldelli,	2018;	Milardi	et	al.,	2018).	
It	 may	 also	 indicate	 that	 exotic	 species	 communities	 are	 spatially	


















was	 considered.	 For	 example,	 in	 lowland	 sites,	 the	 most	 wide-
spread	 exotic	 species	 such	 as	 the	 stone	 moroko	 (Pseudorasbora 
parva),	the	crucian,	carp	and	the	common	carp	showed	high	SCBD	
but,	due	to	the	homogenization	effect	(Toussaint	et	al.,	2016)	and	
their	 ability	 to	 modify	 the	 environment	 (Breukelaar,	 Lammens,	
Breteler,	 &	 Tatrai,	 1994;	 Chumchal,	 Nowlin,	 &	 Drenner,	 2005;	
Alain	 J.	Crivelli,	 1983),	 they	 can	negatively	 affect	 native	 species	
diversity.	 Of	 consequences,	 the	 high	 SCBD	 values	 can	 help	 to	





tribution,	 such	as	 the	 chub	 (Squalius squalus)	 or	 the	 Italian	bleak	
(Alburnus alborella).	Contrarily,	low	SCBD	values	can	identify	rare	
native	 species,	 that	 for	 the	 low	abundance	and	 restricted	distri-
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